Polymer gel dosimetry was used to assess an intensity-modulated arc therapy (IMAT) treatment for whole abdominopelvic radiotherapy. Prior to the actual dosimetry experiment, a uniformity study on an unirradiated anthropomorphic phantom was carried out. A correction was performed to minimize deviations in the R2 maps due to radiofrequency non-uniformities. In addition, compensation strategies were implemented to limit R2 deviations caused by temperature drift during scanning. Inter-and intra-slice R2 deviations in the phantom were thereby significantly reduced. This was verified in an investigative study where the same phantom was irradiated with two rectangular superimposed beams: structural deviations between gel measurements and computational results remained below 3% outside high dose gradient regions; the spatial shift in those regions was within 2.5 mm. When comparing gel measurements with computational results for the IMAT treatment, dose deviations were noted in the liver and right kidney, but the dose-volume constraints were met. Rootmean-square differences between both dose distributions were within 5% with spatial deviations not more than 2.5 mm. Dose fluctuations due to gantry angle discretization in the dose computation algorithm were particularly noticeable in the low-dose region.
Introduction
Research on radiotherapy treatment techniques is mainly focused on delivering a high dose to the target while sparing the surrounding healthy tissue. Recently, intensity-modulated arc therapy (IMAT) has been introduced as a technique to further improve local tumour control (Yu 1995) . IMAT combines the advantages of intensity modulation and rotational therapy: the beams are shaped not only by a dynamic multileaf collimator (MLC); the gantry also rotates around the patient during irradiation. Because a (theoretically) infinite number of beam directions is obtained with IMAT, this technique is highly suited to irradiate a concave tumour wrapped around a large organ-at-risk (OAR), with only a narrow margin between the target and the OAR. Because of the complexity of the IMAT planning and delivery, the delivered dose distribution needs to be verified. Several researchers have evaluated IMAT dose distributions by using film dosimetry (Yu 1995 , Yu et al 2002 , MacKenzie and Robinson 2002 or even Monte Carlo computations (Li et al 2001) .
Whole abdominopelvic radiotherapy (WAPRT) with IMAT was introduced at the Ghent University Hospital as an alternative means to palliate symptoms for patients with relapsed platinum resistant ovarian cancer (Duthoy et al 2003) . In the western world, ovarian cancer represents the third most frequent cancer of the female genital tract and the fifth most common cancer in women, and is the fifth most frequent cause of cancer death; it accounts for 6.6% of all cancer deaths in women (Runnebaum and Stickeler 2001) . The most important feature of the WAPRT treatment is the concave dose distribution sparing the kidneys. In conventional treatments, kidney blocks are used to protect these critical organs.
Recent studies have shown that polymer gel dosimetry is appropriate to verify the outcome of IMRT treatments (De Deene et al 2000b . With this dosimetric technique, dose distribution measurements are feasible in three dimensions with high spatial accuracy. As opposed to film dosimetry, the gel dosimeter is water equivalent and the calibration procedure allows for absolute dose determination without the use of normalization procedures. Polymer gel dosimetry has the advantage over Monte Carlo calculations thatbesides verification of the delivered dose distribution-it can also detect errors in other components of the complex treatment chain, including the actual delivery of the treatment.
The radiosensitive gel consists of monomers dissolved in an oxygen-free gelatin matrix. Upon irradiation a polymerization reaction occurs, whereby the amount of polymer formed is proportional to the local absorbed dose. The polymer alters the spin-spin relaxation rate (R2) of the bound water protons. As a result, the resulting dose distribution can be visualized by quantitative magnetic resonance imaging (MRI). Other researchers described the gel fabrication procedure (Baldock et al 1998 , Maryanski et al 1993 , 1994 , the chemical stability (De Deene et al 2000c) , the calibration procedure , the spatial integrity , the water equivalence (Keall and Baldock 1999 ) and the energy and dose rate dependence (Novotny et al 2001) of the polymer gel dosimeters.
Polymer gel dosimetry was chosen to verify the dosimetric outcome of the IMAT treatment. The radiation target of WAPRT consists of the peritoneal cavity and hence a large (10 litres) anthropomorphic gel phantom of the abdomen was used. A study was carried out to investigate if, due to the large volume of that phantom, gel-related and MRI-related non-uniformities are present in the phantom. Three issues were examined in this uniformity study:
(i) Temperature drift in the gel during MRI. Power deposition in the examined object as a consequence of the applied radiofrequency (RF) pulses, results in heating of the object (Bottomley and Andrew 1978 angles vary over the imaged slice because of the RF coil geometry, absorption of RF energy in the phantom and standing wave effects. Because of the limited duration of the slice-selective RF pulse, the slice profile differs from the ideal rectangular shape.
When a multiple spin-echo sequence is used, the non-rectangular slice profile gives rise to stimulated echo components that alter the measured R2 (Graumann et al 1986 , De Deene et al 2000a . Variations in measured R2, caused by the RF field non-uniformity, were investigated. (iii) Spatial variations in dose response. The last steps in the production process of polymer gel are filling the recipient(s)/phantom(s) with gel and allowing the gel to cool down until it sets (Maryanski et al 1994 , Baldock et al 1998 , De Deene et al 1998 . Effects caused by different temperature histories of the gel during fabrication have already been reported (De Deene et al 2000c) . After filling the large phantom with gel, spatial variations of the gel cooling history may be expected throughout the volume. The effect of varying cooling histories on the dose response of the gel was examined.
The gel dosimetry method, including the compensation strategies to minimize and correct for MRI-related non-uniformities in the large phantom, was validated by irradiating the phantom with two superimposed rectangular beams and comparing the measured dose distribution with computational results. Finally, the IMAT treatment was delivered to the phantom and differences between gel measurements and dose computations were examined.
Materials and methods

The phantom
The target volume of the IMAT treatment is the entire peritoneal cavity. Because the maximum amount of gel that can be produced in our laboratory is 11 litres, the phantom geometry is restricted to the (dosimetrically most interesting) part of the irradiated region containing the kidneys and liver. A 4 mm thick Barex cast (Barex 210 Extrusion Grade, Cifra, Chateau Thierry, France) was vacuum moulded on the abdominal region of the Rando phantom (Alderson Research Laboratories, Stamford, CT, USA) (figure 1). Barex is a thermoformable acrylonitrile-methyl acrylate copolymer with low oxygen permeability (0.3 × 10 −3 (cm 3 mm)/(m 2 24 h hPa)). Supports at the cranial and caudal side, marker lines and fiduciary markers (Medtronic, Louisville, CO, USA) on the phantom surface facilitated a reproducible supine positioning of the gel phantom during CT scanning, radiation delivery and MRI. A Barex screw was also produced to allow sealing of the phantom after filling it with gel. Additional Rando slices flanked the phantom at the cranial and caudal side during irradiation, to provide full scatter conditions.
Polymer gel fabrication
A detailed description of the gel fabrication procedure is given by . Besides the anthropomorphic phantom, a number of gel-filled test tubes are also required for calibration purposes. Here, 13 test tubes are irradiated to different known doses, in order to establish a dose-R2 relationship. To completely fill the abdominal phantom and test tubes, 11 litres of polymer gel was fabricated.
MR measurements
All gel dosimeters were scanned with a 1 T clinical MR scanner (Expert, Siemens, Erlangen, Germany) using the body coil for both transmission and reception of the RF signal. For the 'cooling rate' study (see section 2.4.3), whereby all test tubes were scanned together, the standard RF head coil was used as transmitter and receiver. Quantitative R2 measurements were performed using a multiple spin-echo sequence with equidistant echo spacing. Other scanning parameters were: field of view (FOV) = 320 mm, number of acquisitions (NEX) = 4. Imaging parameters such as echo time spacing ( TE), number of echoes and repetition time (TR) were varied and optimized during the uniformity study. To image the entire phantom volume, 32 adjacent transverse slices with a slice thickness of 5 mm were taken.
The test tubes were always scanned together with the phantom to minimize calibration errors. To maximize the number of voxels measured in each tube, they were placed parallel to the laterolateral direction, which resulted in longitudinal cross-sections of the test tubes when scanning is performed in the transverse plane. All gel dosimeters were positioned on a customized flat table top during MRI. R2 maps were obtained by fitting a monoexponential decay curve to the pixel intensities in the consecutive base images on a pixel-by-pixel basis (De Deene et al 2000b) . Based on the R2 values measured in the calibration test tubes, a bi-exponential fit was used to describe the dose-R2 relationship (De Deene et al 2000c) .
Uniformity study
For this study, the abdominal phantom was filled with a blank gel consisting of 6% (w/w) gelatin (300 Bloom/porcine skin, Sigma-Aldrich, Bornem, Belgium), 1% (w/w) sodium azide (a bactericide and fungicide) and deionized water. To evaluate the measured R2 uniformity in the phantom, the mean, minimum and maximum R2 values were considered for every transverse slice.
2.4.1.
Temperature drift. As the dose-R2 relation is dependent on temperature (Maryanski et al 1994 , De Deene et al 1998 , RF power absorption may lead to errors in the measured dose distribution. A fluoroptic thermometry system (Model 3000, Luxtron, Santa Clara, CA, USA) with six fibreoptic probes was used to measure temperature in the phantom, test tubes and ambient air during MR acquisition. Several parameters of the imaging sequence were adjusted to confine the temperature increase in the gel during MR scanning:
• the repetition time was set to maximum (TR = 99999 ms);
• the number of echoes was reduced to 52 for optimal dose resolution (De Deene and Baldock 2002); • centric k-space filling was applied to reduce R2 errors due to temperature drift during scanning .
Due to the limited memory capacity of the MR scanner, not all base images could be recorded in one session. To enable the scanning of the entire phantom in one single measurement, the number of echoes was further reduced to 26, and the echo spacing ( TE) was doubled to 40 ms. Akoka et al (1993) described an imaging sequence to map the RF field amplitude in a scanned subject: a spin echo and a stimulated echo image are recorded, and the effective RF pulse flip angle α (which is correlated to the local RF field amplitude) is derived from the ratio of pixel intensities in both images. When this technique is applied to a uniform phantom, the relationship between the effective flip angle and the deviation in R2 is obtained by a pixel-by-pixel based comparison. This relation between the R2 deviation and the effective flip angle, approximated by a cubic fit, enables a correction of the R2 map measured in an irradiated phantom (De Deene et al 2000a) .
RF field non-uniformity.
In order to obtain the same slice profiles for both the R2 and flip angle imaging sequences, the pulse envelope of the three RF pulses used in the flip angle imaging sequence has to be identical to that of the multi spin-echo sequence used for the R2 measurements.
The theoretical flip angle was set to 70
• , (i) to avoid effective flip angles in the phantom above 90
• and (ii) to obtain an adequate signal-to-noise (SNR) ratio in the images. Flip angles above 90
• would be indistinguishable from flip angles below 90
• , due to the calculation algorithm used to extract α from the spin echo and the stimulated echo image.
Effect of gel cooling history on R2-dose response.
There is a significant difference in surface-to-volume ratio between the abdominal phantom and the calibration test tubes. As a result, different cooling histories of the polymer gel may be expected after fabrication. The cooling history is also expected to vary inside the large phantom. These variations may result in dose response variations.
Thirty-eight test tubes were filled with radiation sensitive gel, and stored at different temperatures immediately after fabrication:
• 18 test tubes were placed in an oven (35
• C), • 18 were placed in the refrigerator (5
• C) • 2 remained at room temperature (22
• C).
At time intervals of 1 h, two test tubes were removed from the oven/refrigerator and kept at room temperature. This was done for a total time span of 8 h. All test tubes were irradiated 26 h after filling. For each pair of test tubes that was stored in the oven/refrigerator for a certain time span, one was left unirradiated and one received a dose of 5 Gy. The procedure to irradiate test tubes to known doses has been described previously . The R2-dose response of every sample pair was evaluated by plotting the R2 in an unirradiated test tube (R2 0 ) and the R2-dose sensitivity (slope of the R2-dose response curve) versus the time spent at a certain temperature.
Validation experiment with rectangular beams
The abdominal phantom-filled with polymer gel-was irradiated with two superimposed rectangular 18 MV photon beams: a 10 × 10 cm and a 20 × 10 cm field, both from the anterior direction (figure 1). The weight of the 10 × 10 cm field (620 monitor units (MU)) was six times the weight of the 20 × 10 cm field (103 MU). The source-to-surface distance was 100 cm. The centre of both fields was aligned with the centre of the phantom (see figure 1 ). This irradiation was chosen to produce regions of high and low doses and high dose gradients in the phantom. The dose computation in the phantom was done based on spiral CT scans (Somatom Plus 4, Siemens, Erlangen, Germany) of the gel-filled phantom, with the collapsed-cone computational algorithm of the Helax-TMS treatment planning system (Nucletron, Veenedal, The Netherlands). For calibration purposes, a number of gel-filled test tubes were also irradiated to known doses (0-10 Gy). The methods of fabrication, filling and storing of the gel phantom and test tubes, positioning on the linac and MR imaging were identical for both this experiment and the actual IMAT verification experiment. For all experiments described in this study, the SLiPlus 18 MV linear accelerator (Elekta, Crawley, UK) was used for radiation delivery.
IMAT dosimetric verification
Spiral CT scans of the gel-filled phantom were transferred to the planning system. The external was outlined and manually matched with a real patient external using translations only. Volumes of interest (kidneys, liver and target) were transferred from the same patient case to the CT dataset, using the same translations. The planning target volume (PTV) was defined as the total peritoneal cavity of the patient, expanded by 5 mm in every direction to account for setup inaccuracy and organ motion. For details on the IMAT planning and delivery procedure, the reader is referred to Duthoy et al (2003) . The prescribed dose to the PTV was 33 Gy, divided over 22 fractions. The IMAT treatment consisted of six arcs and one sliding window, all with 18 MV photons. Only one fraction-with the number of monitor units multiplied by a factor of 5-was delivered to the gel dosimeter, resulting in a median dose to the PTV of 7.5 Gy. This rescaling was done to ensure a maximum dose response of the gel, while avoiding possible edge enhancement effects near high dose gradients (Maryanski et al 1994 , De Deene et al 1998 . The IMAT treatment was delivered in local service mode using prototype dynamic control software (Javelin, Elekta, Crawley, UK). Additional treatment parameters are given in table 1. The total treatment time was 10 min. The final dose computation was performed with the collapsed cone convolution/superposition algorithm of Pinnacle (Philips Medical Systems, Best, The Netherlands).
Quantitative evaluation of measured dose distributions
For both the gel validation and IMAT verification experiment, several quantitative techniques were applied to evaluate the gel-measured dose distributions: Low et al (1998) , was also used to compare the measured and the computed dose distributions. The γ calculation algorithm was extended to compute γ in 3D (in-house adjustments) and adapted to reduce computation time (Depuydt et al 2002) . The calculation is based on two criteria: the maximum dose difference ( D max , relative to maximum dose) and the maximum distance-to-agreement (DTA max ). In regions where γ > 1, both the dose and the DTA criterion are violated.
In order to allow dose comparison, the dose computation grids (Helax-TMS: 2 × 2 × 2 mm; Pinnacle: 4 × 4 × 4 mm) and dose measurement grids (2.5 × 2.5 × 5 mm) were linearly interpolated to a common grid of 2.5 × 2.5 × 2.5 mm.
Results
Uniformity study
The longitudinal profile of the measured R2 in the unirradiated phantom is displayed in figure 2 for an MR experiment with the following imaging parameters: 64 echoes, TR = 7000 ms, TE = 20 ms, matrix = 256 × 256. When averaging the R2 in every measured slice, the mean for all slices (R2 sl,av ) is 1.125 s −1 , with a maximum (R2 sl,max ) of 1.194 s −1 (+6.2%) and a minimum (R2 sl,min ) of 1.014 s −1 (−9.8%). All percentages are relative to R2 sl,av . The combination of the values R2 sl,av , R2 sl,max and R2 sl,min can be considered as the indicator of inter-slice differences.
The difference between the average and maximum R2 in every slice, averaged over the entire phantom ( R2 max ) is 0.060 s −1 (+5.3%), and R2 min equals 0.087 s −1 (−7.8%). R2 max and R2 min describe the intra-slice differences. These and further results of the uniformity study are summarized in table 2.
Measurements with the thermometry system during MRI acquisition indicate a temperature increase of over 4
• C in the phantom, while the temperature in the test tubes only rises about 2 • C (results not shown). It is also noted that a time span of at least 24 h is needed for the gel phantom to equilibrate at room temperature after taking it out of the refrigerator.
3.1.1. Temperature drift. As indicated in section 2.4.1, several changes were made to the imaging sequence to minimize temperature-related R2 errors: 26 echoes, TR = 99 999 ms, TE = 40 ms, RES = 128 × 128, centric k-space reordening. The effect of these adjustments on R2 homogeneity in the phantom is visible in figure 2. Inter-slice variations are reduced to +2.2% (R2 sl,max ) and −0.7% (R2 sl,min ). Intra-slice variations are also less: R2 max is +2.7% and R2 min is −2.5%. The temperature drift in the phantom is reduced to 1
• C.
RF field non-uniformity.
The R2 distribution in a slice of the uniform gel phantom without correction for B1 field inhomogeneities, is displayed in figure 3(a) . The corresponding α distribution is shown in figure 3(b) . The scatter plot (figure 3(c)) represents the relation between measured R2 and α in the entire phantom. This relation is approximated by a thirdorder polynomial, which allows easy correction of the R2 image ( figure 3(d) ). With this correction applied for every measured slice in the phantom, inter-slice variations are +1.8% (R2 sl,max ) and −0.8% (R2 sl,min ). Intra-slice variations are now limited to +2.1% ( R2 max ) and −1.3% ( R2 min ). It was also noted that the flip angle distribution in the phantom is dependent 
Effect of gel cooling history on dose response.
The measured R2 of the unirradiated test tubes (R2 0 ) and the R2-dose sensitivity for each test tube pair can be seen in figure 4. Small variations of R2 0 , no larger than 1.1% compared to the R2 0 measured at room temperature, are observed. Variations in R2-dose sensitivity up to 6.2% are observed, however no relation could be detected with the different cooling histories.
Validation experiment with rectangular beams
The gel dose response and dose resolution D 95% are displayed in figure 5 . Dose profiles for gel measurements and computational results are compared in figure 6 . γ maps ( D max = 4%; DTA max = 5 mm) reveal a significant difference near the penumbra of the 10 × 10 cm beam, at the depth of dose maximum ( figure 7(a) ). In figure 7(b), laterolateral profiles through this area of disagreement show a dose overshoot of maximally 0.5 Gy (6.3 %) in the gel-measured dose distribution. No other regions of disagreement (γ > 1) between the measured and the calculated dose distribution were found. On average, doses measured in the gel are 0.2 Gy (2.5%) higher than the computed doses. Spatial shifts, as derived from the dose profile plots, are within the spatial resolution of the measured dose distribution (2.5 mm). As can be seen in figure 6(d), stochastic deviations are lower than 2% and the structural RMSD only exceed 2.5% in the high dose gradient regions. This figure also shows higher structural deviations when no correction is applied for RF non-uniformities. and the one calculated by the planning system is given in three orthogonal planes in figure 8 (unlike the figure might suggest, the comparison of measured and computed dose is done in the entire scanned volume, and not only in three orthogonal planes). In figures 8(a), (c) and (e), the outlines of the different structures of interest are superposed on the gel measured dose distributions; in figures 8(b), (d) and (f ), regions where γ > 1 ( D max = 4% and DTA max = 5 mm) are indicated on the computational results. Slice-averaged structural differences between both are exceeding 5% at the caudal edge of the phantom and at the high dose gradient at the cranial side of the PTV, while stochastic deviations are within 2% ( figure 9(a) ). Based on the contours of the different structures defined in the phantom, dose-volume histograms (DVHs) were reconstructed from the gel-measured dose distribution and compared with the original planning DVHs ( figure 9(b) ). No significant differences are observed for the PTV and the left kidney. The mean dose measured in the liver (4.5 Gy) is 4.9% higher than planned (4.3 Gy). For the right kidney, the mean measured dose (3.4 Gy) is 13.2% lower than the computed dose (3.8 Gy). Dose fluctuations are observed in the computed low-dose region as displayed in figure 10 . These fluctuations rise up to about 5%, compared to the maximum dose. 
IMAT verification
Discussion
Uniformity study
Before using polymer gel dosimetry in a large volume, a uniformity study was carried out to investigate the measured R2 variations in the phantom. By limiting temperature effects and correcting for RF non-uniformities during MR imaging, measured R2 variations are minimized. Inter-slice R2 variations were within ±1% and intra-slice variations within ±2%. These percentages are expressed relative to the R2 of an unirradiated sample (about 1 s −1 ). In an irradiated polymer gel, R2 values may vary (roughly) from 1 s −1 (0 Gy) to 2.5 s −1 (10 Gy). As a result, relative errors in R2 (or measured dose) in the irradiated phantom are even smaller.
The correlation between the effective flip angle and the R2 deviation is approximated by one function, which can then be applied to correct for deviations in the R2 maps of the phantom. Because stimulated echo components are superimposed on the measured MR signal, the R2 deviations resulting from these components are not dependent on the R2 value itself. Deviations still remain at the edges of the outermost slices, where the slice profile is highly asymmetric. Other strategies to correct for RF inhomogeneities in quantitative T2 imaging have also been proposed (Duzenli and Robinson 1995, Lepage et al 2001) . However, these are mainly based on a pixel-by-pixel correction or background subtraction and are not based on the underlying mechanisms that cause the deviations. Effects of temperature history (during gel fabrication) on the measured R2 of a gel have already been demonstrated (De Deene et al 2000c) . A decrease in R2 was observed when increasing the fabrication temperature of the gel solution. When working with voluminous gel dosimeters, a discrepancy in the thermal history of the gel may occur between the gel in the phantom and the gel in the calibration test tubes. According to Michon et al (1997) , the stability of the junctions that are created during the setting of a gelatin solution is dependent on the temperature course. In this study it was found that, regardless of the fact that different cooling histories of the gel should result in structural differences between the 'calibration' gel and the measurement gel in the phantom, no relation was observed with the R2-dose response.
Validation experiment with rectangular beams
Oxygen presence in the gel inhibits the radiation-induced polymerization and results in a dose threshold in the dose-R2 response . Because most plastic materials are permeable to oxygen, this restricts the number of phantom materials that are appropriate for polymer gel dosimetry experiments. The use of Barex as a gel dosimetry phantom material has already been validated (Bonnett et al 1999 , Haraldsson et al 2000 . No inhibitory effects were noted near the Barex wall for the validation experiment.
Prior to the application of the optimized gel dosimetry procedure (see uniformity study) for verification of the IMAT treatment, this procedure was validated by irradiating the gel-filled phantom with two superimposed rectangular beams. Dose computations by the Helax-TMS treatment planning system were chosen to serve as a 'golden standard' for this validation.
In general, the gel-measured dose distribution agreed well with the computational results: regions where γ > 1 (figure 7) were limited to only 0.5% of the total measured volume in the phantom, for D max = 4% and DTA max = 5 mm. Spatial shifts were limited to one voxel dimension (2.5 mm). The γ distribution revealed an edge enhancing effect in the gel near the penumbra of the 10 × 10 cm field. This phenomenon has already been noticed at high doses near high dose gradients (Maryanski et al 1994 , De Deene et al 1998 , and is supposed to be due to monomer diffusion from the low-dose area into the high-dose area where they react with long-lived macroradicals. At our clinic, the chosen criteria for the γ evaluation (4%, 5 mm) are considered to be appropriate for IMAT treatment verification.
Regions in the phantom that benefit from the correction for RF non-uniformities are situated at the outside edges of the transverse R2 maps. This explains the relatively limited decrease in slice-averaged systematic deviations between computational results and measurements after the correction method has been applied. This experiment demonstrated that accurate dose measurements are possible with polymer gel dosimetry in large phantoms, as long as temperature drift during scanning is limited and R2 deviations due to RF non-uniformities are compensated for.
IMAT verification
The experimental derivation of dose resolution for this experiment and the validation experiment demonstrated a maximum uncertainty of 0.5 Gy for the dose range 0-8 Gy, which corresponds to 6.3% compared to the maximum dose. The difference in dose resolution between both experiments is mainly due to the non-reproducible character of the gel dose response (illustrated in figure 5(a) ). The gel for the validation experiment shows a lower dose sensitivity, and therefore has a lower dose resolution. A better agreement between the experimental and the mathematical derivation of the dose resolution is found when a linear fit is used to describe the R2-dose response (result not shown).
Ideally, observed dose differences between gel measurements and computational results can be linked with (i) the polymer gel, (ii) the computer planning or (iii) the treatment delivery. Implementation and dosimetric verification of the IMAT technique imply challenging demands on the gel dosimetry procedure as well as on the planning procedure and delivery apparatus (linac, multileaf collimator). Part of the results from this experiment have already been discussed by Duthoy et al (2003) . Although a significant discrepancy in the DVHs has been observed between measured and calculated doses in the liver and right kidney, the predetermined dose-volume constraints as described by Duthoy et al are fulfilled. A dose gradient is present in the liver volume (figure 8), which makes the dose distribution (and DVH) in that volume susceptible to spatial shifts. Figure 8(b) shows areas of significant disagreement (γ > 1) in the low-dose regions, where the kidneys are located. For dose computation, each treatment arc is discretized into static beams each 8
• of gantry rotation. Observed ripples in the low-dose area of the computed dose distribution are the result of gaps in the geometric overlap of these fixed beams. This has also been described by Yu et al (2002) . Finer gantry angle spacing can be used when critical structures reside in the low-dose volume, however this is at the cost of computation time. Due to the continuous gantry rotation in the actual treatment delivery, these dose fluctuations are absent in the measured dose distribution.
Conclusions
We have developed a method for employing polymer gel dosimetry in large volumes. Interand intra-slice R2 variations caused by MRI imaging artefacts-which could lead to dose errors in the resulting measured dose distribution-can be significantly reduced when taking specific precautions against temperature drift and RF pulse non-uniformities. It was also found that the gel cooling history after fabrication has no influence on the R2-dose response.
This method then was validated by irradiating the abdominal phantom with two rectangular beams, and comparing the measurements with computational results. Dose differences were less than 3% outside high dose gradient regions, and spatial shifts were within 2.5 mm.
Finally, the abdominal phantom was used for the dose verification of an IMAT treatment. The gel-measured dose distribution complied with the predetermined dose-volume constraints. Dose differences in the low-dose area may be attributed to the gantry angle discretization during dose computations.
